Abstract -Small-artery remodeling is an early feature of target organ damage in hypertension and retains a negative prognostic value. The aim of the study is to establish age-and sex-specific reference values for media/lumen in small arteries obtained in humans by biopsy. Age-and sex-specific percentiles of media/lumen in a healthy population were estimated. In a predominantly hypertensive population, media/lumen Z scores were associated with major cardiovascular risk factors, including body mass index, cholesterol, smoking, glucose, and systolic blood pressure. Significant sex differences were observed. (Hypertension.
S tructural changes in the microcirculation are commonly associated with cardiovascular and metabolic diseases. 1, 2 In particular, the structure of subcutaneous and of cerebral small resistance arteries (lumen diameter 100-300 μm) in humans may be altered in the presence of primary or secondary hypertension, [2] [3] [4] as well as diabetes mellitus 5 or morbid obesity. 6, 7 An increased media to lumen ratio (M/L), which is the hallmark of small resistance artery remodeling in hypertension, can result from a reduced outer diameter that narrows the lumen without net growth (eutrophic remodeling) or from a thicker media encroaching on the lumen (hypertrophic remodeling). 3 Eutrophic remodeling is most often found in essential hypertension, 3, 4 while a hypertrophic remodeling might be detected in some secondary forms of hypertension, diabetes mellitus, and obesity. 4, 8, 9 M/L is considered the most reproducible index of small resistance artery structure because it is, in great part, independent from vessel dimensions and, thus, not affected by a possible sampling bias. 10, 11 In addition, M/L seems to be the most potent predictor of cardio-cerebrovascular events in hypertensive patients, 12 possessing therefore a prognostic significance, even during antihypertensive treatment. 13 The evaluation of the M/L in a clinical setting is usually done in subcutaneous small resistance arteries dissected from tissue biopsies, 11 although other tissues may also be examined. 14 Two methodological approaches are mainly used for the calculation of the M/L of human small arteries, wire, or pressure micromyography. 10, 11 However, there is a good agreement about measurements obtained simultaneously with these 2 approaches. 11, 15 However, though many data concerning comparisons between M/L of subcutaneous small resistance arteries in normal subjects and in patients with pathological conditions have been provided, at present, there is no general agreement about the normality values of M/L, in particular, taking into account for age and sex.
Therefore, the aim of the present study was to establish age-and sex-specific reference values for M/L in small arteries obtained in humans by biopsy.
Methods
A detailed Methods section is available in the online-only Data Supplement. The data that support the findings of this study are available from the corresponding author on reasonable request.
Data were collected from 4 research groups in Italy, participating to the study group for micro-and macrocirculation of the Italian Society of Arterial Hypertension (Società Italiana dell'Ipertensione Arteriosa): Brescia, Pisa, Milano, and Roma.
Part of the study population was already recruited in previous studies, published elsewhere, 6, 7, 12, [16] [17] [18] [19] while other individuals were recruited in ongoing protocols or unpublished studies.
Overall, 91 healthy individuals and 200 patients with cardiovascular risk factors (CVRFs) were enrolled. Media thickness and lumen diameter were measured in small arteries obtained by biopsy of subcutaneous fat either from the anterior abdominal region or the gluteal region, mounted on either a pressurized or a wire myograph.
Statistical Analysis
Statistical analysis was performed by means of NCSS 8 software (NCSS; Kaysville, UT).
Definition of Age-and Sex-Specific Reference Intervals
Calculation of age-specific reference intervals for M/L was conducted in the healthy population of the study (n=91), in men and women separately. The best-fitting fractional polynomials for the age-specific mean and SD regression curves were defined for men and women using an iterative procedure. Finally, age-specific 2.5th, 10th, 25th, 50th, 75th, 90th, and 97.5th percentile curves were calculated as mean M/L+Zp×SD, where Zp assumed the values of −1.96, −1.28, −0.67, 0, 0.67, 1.28, and 1.96, respectively.
Relationship With Risk Factors
Based on the equations estimated as described above, we obtained predicted M/L for each individual belonging to the subpopulation with CVRFs and calculated age-and sex-specific M/L Z scores according to the following formula: (observed M/L-predicted M/L)/ SD predicted M/L. Multiple regression analysis was then applied to identify independent determinants of M/L Z scores in the overall population with CVRFs and in men and women separately. The possible interaction between sex and each CVRF was tested in separated models.
Remodeling and Growth Index
Within the population with CVRF, remodeling (RI) and growth index (GI) were calculated according to the Baumbach and Heistad formula 3 Goodness-of-fit of the regression equation was assessed in the overall population and in men and women separately. In particular, goodness of fit of linear regression was assessed in comparison to higher-degree polynomials models, in agreement with the parsimony criterion. Finally, a second-degree polynomial equation model was chosen because it achieved a pseudo-r 2 =0.278, which was 69.6% of the best fitting regression equation (a fifth degree polynomials equation). In particular, the goodness-of-fit of the regression model was good in women (pseudo-r In Table 2 , age-and sex-specific percentiles of M/L in the healthy subpopulation were reported.
Relationship With Risk Factors
Data of 200 individuals with ≥1 CVRFs, recruited in the 4 Italian centers, were analyzed to explore the gender-specific relationship between M/L and CVRFs. Clinical and vascular characteristics are shown in Table 3 .
Prevalence of main CVRFs were as follows: hypertension 80.5%, current smoking 30.5%, obesity (BMI>30 kg/m 2 ) 43.0%, hypercholesterolemia (total cholesterol>190 mg/dL) 66.5%, hypertriglyceridemia (triglycerides>150 mg/dL) 44.5%, and impaired fasting glucose or diabetes mellitus (blood glucose>100 mg/dL) 46.5%. Women were significantly younger than men and showed a higher prevalence of hypercholesterolemia (78.7% versus 56.8%; P=0.001) and a lower prevalence of impaired fasting glucose or diabetes mellitus (38.2 versus 53.2%; P=0.03). In comparison to men, women also showed similar lumen and higher media in the small arteries studied, leading to lower M/L and media cross-sectional area; furthermore, M/L Z score was significantly lower in women than in men (Table 3) .
Multiple regression models with M/L Z score as dependent variable were built in men and women to investigate the relationship of increased M/L with classical CVRFs (Table 4) . The following independent variables were included in the models: current smoking, BMI, systolic and diastolic blood pressure (BP), heart rate, total cholesterol, fasting blood glucose. In men, independent determinants of age-and sex-specific M/L Z scores were BMI, total cholesterol, and current smoking. In women, independent determinants of age-and sex-specific M/L Z scores were blood glucose and systolic BP (Table 4) . Results were confirmed also adding research group as confounding factor (data not shown).
In the overall population, multiple regression models were built, including the aforementioned independent variables and sex and then adding an interaction term between sex and each independent variables one by one. Only total cholesterol displayed a significant interaction with female sex (β=−0.979; P=0.014). In the latter model, M/L Z scores were independently associated also with BMI (standardized β=0. M/L and did not materially change the results (Table S1 in the online-only Data Supplement). We also tested recruiting center and use of wire/pressure myograph as possible confounders in the relationship between M/L and CVRFs. It was not possible to test biopsy site, center, and myograph type in the same model because of high collinearity between the 3 variables. Differences in clinical and small artery variables between centers are shown in Table S2 . Though both recruiting center (Table S4 ) and myograph type (Table S3) were significantly associated with M/L Z score, their inclusion in the model did not substantially modify its pattern of association with CVRFs. Results were substantially similar in the hypertensive subgroup. In the hypertensive subpopulation, M/L Z scores were independently associated with BMI (standardized β=0.201; P=0.005), current smoking (β=0.218; P=0.005), fasting blood glucose (β=0.278; P=0.005), and sex (β=0.969; P=0.030), while association with total cholesterol (β=0.186; P=0.059) and systolic BP (β=0.189; P=0.052) were borderline. A significant interaction between female sex and total cholesterol was found too. Only 39 individuals out of 200 were on antihypertensive treatment at the time of the biopsy. Current antihypertensive therapy neither was significantly associated with M/L when added as dependent variable in the model (P=0.584) nor changed the pattern of CVRFs associated with M/L.
Remodeling and Growth Index
As far as internal diameter is concerned, linear regression was the best fitting model in comparison to higher-degree polynomial models, either in women (r 2 =0.59) or in men (r 2 =0.93, 98% of the best fitting model). The equation derived in men was internal diameter =239+0.139×age; in women, internal diameter =217+0.496×age.
Based on these equations, predicted values of internal diameters were calculated for each patient of the population with CVRFs and used, together with predicted M/L, to calculate individual values of RI and GI. 
Discussion
For the first time, the present study provided age-and sexspecific reference values for M/L of subcutaneous small resistance arteries in humans.
Role of Aging and Hypertension
As mentioned, an increased M/L of subcutaneous small arteries was proved to be a powerful predictor of cardiovascular events in hypertension, 12, 20, 21 and a hypertrophic remodeling of small vessels seems to be associated to an even higher incidence of events, compared with eutrophic remodeling. 22, 23 Furthermore, M/L values are associated with target organ damage 14, 24 and may play a role in the genesis and maintenance of increased BP values. 25 A relevant progress in our knowledge regarding smallartery morphology is represented by the recent observation that even in healthy individuals, M/L increases progressively when age advances; however, the relationship is steeper in hypertension, thus, suggesting the presence of an early vascular aging, similar to that observed in large arteries. 18 In fact, many similarities are present in terms of characteristics, timecourse, and possibility of pharmacological modulation of structural alterations observed in human hypertension in large and small vessels, thus, suggesting the presence of a close cross talk between the 2 vascular districts. 26 The lack of reference values, at variance to large artery stiffness, 27-29 represents a limitation for the interpretation of structural alterations in small vessels, as well as for a proper evaluation of the clinical meaning of changes induced by antihypertensive treatment. In fact, also the concept of drug-induced normalization of subcutaneous small resistance artery remodeling is deeply influenced by what we mean with normal values of M/L.
Relation With Other Cardiovascular Risk Factors
Theoretically, the identification of an increased M/L in a given individual in comparison to an age-and sex-matched population sample might help classifying the individual as having an increased risk of CV events. However, because the measurement of M/L ratio requires biopsies and, thus, is not feasible in the general population, the usefulness of reference values may rather rely in the possibility of quantifying the impact of classical and emerging CVRFs on the microvasculature, thus, helping elucidating their pathophysiology.
The present work expanded previous results, 18 demonstrating that not only hypertension but also other classical CVRFs are associated with M/L values that are disproportionally high when compared with healthy individuals of the same age and sex. While the association with obesity and diabetes mellitus has been already demonstrated, 8, 9 this study provides solid evidence about the association between small artery remodeling and either hypercholesterolemia (which in previous studies was found to be not associated with small artery remodeling 30, 31 ) or smoking, 32 which also have an additive effect on top of hypertension. This result is of clinical relevance because structural alterations in the subcutaneous vascular district might reflect similar alterations in the vasculature of target organs, such as the heart 24 or the brain 14 : alterations in small vessels play a relevant role in the pathophysiology of ischemic heart disease, 33 as well as ischemic brain disease and cognitive decline. 34 In the future, M/L reference values could be applied to explore the impact of emerging CVRFs on the microcirculation.
Sex Differences
This work explores for the first time the possible differences in small-vessel aging in the 2 sexes. First, though men tended to have higher M/L values as absolute value, after adjustment for confounders, including age and classical CVRFs, female sex was associated with higher M/L values. Although, to our knowledge, no data obtained by the myographic technique are available, Rosenbaum et al 35 reported an increased diameter and wall thickness in women, leading to a similar M/L between sexes. However, these results are hardly comparable with ours, given the different district studied and the lack of multiple regression analysis. When translated to the cardiac district, a more marked small-artery remodeling in women than in men supports the notion of a higher prevalence of microvascular pathogenesis in women with ischemic heart disease. 36 Furthermore, this feature is a likely contributor to the increased wave reflection found in women compared with men. 37 Second, it was demonstrated for the first time that classical CVRFs had a different impact on M/L in the 2 sexes. Indeed, in men, independent determinants of age-and sexspecific M/L Z scores were BMI, total cholesterol, and current smoking, while in women, blood glucose and systolic BP play a major role. This finding is in line with large epidemiological studies demonstrating that diabetes mellitus and hypertension are more tightly associated with acute myocardial infarction in women than in men, 38, 39 and at least for diabetes mellitus, this concept was reinforced by a recent large meta-analysis. 40 However, the most striking difference between sexes regards the selective impact in men of total cholesterol, for which a significant interaction with sex was demonstrated. A recent prospective study indicates that the association between total cholesterol and incident myocardial infarction is stronger for men than for women, 39 though conflicting data exist. 41 Further studies are needed to elucidate the role of small-artery remodeling in hypercholesterolemiarelated excess cardiovascular risk.
Remodeling and Growth Index
An ancillary result of this study is the development of a new method to determine RI and GI on the individual basis, taking advantage of the age-and sex-specific reference values for M/L and lumen. This analysis brings some interesting, though explorative, results, helping to elucidate different routes of remodeling in the presence of multiple CVRFs and according to sex. 3, 42 Indeed, RI is increased proportionally with hemodynamic load as expected but also with metabolic factors such as hypercholesterolemia, paralleling M/L behavior. On the other side, GI, a proxy for hypertrophic remodeling, is associated mostly to male sex and smoking. The selective association between heart rate and GI in women is intriguing from the physiopathological point of view. Indeed some studies suggest that particularly in postmenopausal women, sympathetic nervous system activation plays a major role in influencing vascular resistance and, possibly, remodeling.
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Limitations
This study has some limitations. First, our study did not include data about correlation between vascular remodeling and other crucial properties of small arteries, such as endothelial function and stiffness. Though previous studies did not find any correlation between endothelial function and vascular structural alterations, 44 which also show a different behavior with age and hypertension, 18 vascular remodeling might theoretically act as a constraint and, thus, be associated to a reduced vasodilator capacity. Second, though one of the strengths of the study is the multicenter design, the fact that all the individuals were Caucasian Europeans makes the present results hardly extendible to other ethnic groups. Finally, in the present study, which nevertheless involved the largest cohort ever studied for M/L, the multiple regression analysis is powered to detect only one independent variable. Thus, some of the associations showed are exploratory and need to be confirmed in larger cohorts.
Perspectives
In conclusion, establishing age-and sex-specific reference values for M/L in small arteries might be useful for several reason. Although the widespread use of this methodology for CV risk stratification is not feasible, because of its invasiveness, nevertheless establishing M/L reference values may help investigating the role of classical and emerging CVRFs in microvascular damage, the association with organ damage, and the effect of treatments. Furthermore, it may favor a better understanding to sex-related differences in the pathophysiology of cardiovascular disease.
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